Mutations in the human GJB3 gene that codes for Connexin31 (Cx31), a protein subunit of gap junction channels, have recently been reported to cause deafness and the skin disorder erythrokeratodermia variabilis. To study the function of this gene in mice, we generated animals with targeted replacement of the Cx31 gene (Gjb3) by a lacZ reporter gene. Although homozygous Cx31-deficient adult mice (Gjb3 ؊/؊ ) were found among the offspring of heterozygous Cx31-deficient parents (Gjb3 ؉/؊ ), 60% of the animals expected according to Mendelian inheritance were lost between ED 10.5 and 13.5. Placentas of Gjb3 ؊/؊ embryos at ED 9.5 were smaller than controls as a result of severely reduced labyrinth and spongiotrophoblast size. From ED 10.5 onward, placentas of surviving Gjb3 ؊/؊ embryos recovered progressively and reached normal size and morphology by ED 18.5. This corresponds to a time period in which another connexin isoform, Connexin43, is upregulated in spongiotrophoblast cells of Cx31-deficient and control placentas. No morphological or functional defects of skin or inner ear were observed in surviving adult Gjb3 ؊/؊ mice. We conclude that Cx31 is essential for early placentation but can be compensated for by other connexins in the embryo proper and adult mouse.
INTRODUCTION
Connexins are the protein subunits of gap junction channels, which allow the direct exchange of ions, metabolites, and second messengers up to a molecular mass of 1000 Da between the cytoplasmic compartments of contacting cells. These proteins can assemble into homomeric or heteromeric hemichannels that dock to hemichannels of the same or different connexin composition in the plasma membrane of neighboring cells to form functional homotypic or heterotypic channels, respectively (Elfgang et al., 1995) . Connexins are encoded by a family of at least 15 genes in rodents (cf. Goodenough et al., 1996; Manthey et al., 1999) . Connexin proteins differ in their pattern of expression and biophysical properties of the channels to which they contribute.
Connexin 31 (Cx31) is an exceptional member of this gene family. It is one of the earliest connexin proteins expressed in murine development and is present in the compacted morula and throughout the blastocyst Dahl et al., 1996) . After implantation, its expression becomes restricted to the ectoplacental cone and its derivatives Dahl et al., 1996) . In rat Cx31 expression correlated with the proliferative phase of the trophoblast . In the mouse embryo proper Cx31 is markedly expressed in the presumptive rhombomeres r3 and r5, showing a striking overlap with the expression of krox-20 (Dahl et al., 1997) , a key regulator of hindbrain segmentation (Schneider-Maunoury et al., 1993) . In adult mice Cx31 is observed in suprabasal skin and testis. The distinct regulation of Cx31 expression in development and the finding that Cx31 hemichannels show only homotypic coupling (Elfgang et al., 1995) prompted speculations that Cx31 is involved in the formation of developmental compartments . Recently, different domi-nant mutations in the human Cx31 gene (GJB3) have been suggested to cause two inherited disorders, erythrokeratodermia variabilis, a skin disease (Richard et al., 1998a) , and high-frequency hearing impairment (Xia et al., 1998) . However, the molecular mechanism by which different mutations in the same connexin gene can cause different diseases is presently not understood (Steel, 1998) . Recently, mutations in human GJB3 have also been associated with recessive nonsyndromic deafness (Liu et al., 2000) .
Although these observations suggest an important role of Cx31 in human skin differentiation and hearing, we found that Cx31-deficient mice did not show any phenotypic alterations of epidermis or auditory function. However, 60% of the homozygously mutated embryos died between embryonic day (ED) 10.5 and ED 13.5. This was accompanied by transient placental dysmorphogenesis. Our analyses of connexin expression in the placenta suggest that the upcoming expression of another placental connexin, Connexin43 (Cx43), can rescue some of the homozygously Cx31-deficient embryos.
MATERIALS AND METHODS

Generation of Mice
A fragment of genomic 129/Sv mouse DNA spanning about 20 kb of the Gjb3 locus was isolated from DashII library (Stratagene, La Jolla, CA) using mouse Gjb3 cDNA as a probe (Hennemann et al., 1992) . As 5Ј homologous region, a 1.7-kb SmaI/NcoI fragment including the Gjb3 start codon was inserted into an in-frame SmaI site at the beginning of the promoterless lacZ gene of the vector pLRlacZpAMCIneopA (a generous gift of Dr. Frank Sablitzky, London, UK), while a 4.3-kb XbaI fragment was inserted into an SpeI site downstream of the neomycin r gene (neo r ) in the backbone. The resulting targeting construct pCx31HRZ contained 6 kb of DNA homologous to the Gjb3 locus, in which all of the Cx31-coding region downstream of the start codon and the 3ЈUTR had been replaced by the lacZ reporter gene and the neo r gene under control of the MCI promoter.
R1 ES cells (Nagy et al., 1993) were transfected with vector DNA, linearized downstream of the 3Ј homologous region by NotI and selected for stable integration by 350 g/ml G418, and subcloned as described by Hogan et al. (1994) . Resistant clones were analyzed for homologous recombination at the Gjb3 locus by Southern blot hybridization. Correctly recombined clones were injected into C57BL/6 blastocysts that were transferred into pseudopregnant foster mothers as described by Hogan et al. (1994) . Chimeras were checked for germ line transmission of the mutated allele by crossing to C57BL/6 mice. Heterozygous offspring were once more backcrossed with C57BL/6 mice, before Gjb3 ϩ/Ϫ mice were intercrossed, to obtain homozygously mutated progeny. Thus, all experiments were carried out on a mixed genetic background with an average of 75% C57BL/6 and 25% 129. Mice were kept under standard housing conditions with a 12-h light/12-h dark cycle with food and water ad libitum. All experiments were carried out in accordance with German law for animal protection and with permission of the state.
Genotyping of ES Cells and Mouse Tissues
Correct targeting in ES cells and transgenic mice was confirmed by Southern blotting of XbaI-digested genomic DNA probe with an EcoRI/SpeI fragment spanning the first exon of Gjb3, which recognized a 5.5-and a 13-kb fragment representing the wild type and the mutated allele, respectively. Absence of the Cx31-coding region in the mutated alleles was confirmed by stripping and rehybridizing the blot with a probe homologous to the deleted region. Additional random integrations of the vector were excluded by Southern blotting of EcoRV-digested DNA, probed with an internal probe homologous to the neo r cassette. For routine genotype analysis, tail tips, whole embryos (ED 2.5-ED 8.5), or extraembryonic membranes (ED 9.5-ED 18.5) were lysed at 55°C in PCR buffer (10 mM Tris-Cl, pH 9, 50 mM KCl, 0.1% Triton X-100) containing proteinase K (120 g/ml). Lysates were cleared by brief centrifugation and an aliquot was subjected to PCR using the primers Cx31GT1 (Gjb3 intron; sense; ctg gac tct gac atg tgc aca tac), Cx31GT2 (Cx31-coding region; antisense; cta cat gca gga tga cca gca tag), and Cx31GT3 (lacZ-coding region; antisense; cca cag atg aaa cgc cga gtt aac), and Taq DNA polymerase (Promega, Madison, WI). Gjb3 wild type and mutated allele could be distinguished by the sizes of the resulting product.
Northern Blot Hybridization
Total RNA was extracted using TRIZOL (Gibco BRL, Karlsruhe, Germany) according to manufacturer's instructions. Back skin was freed of bulk hair using scissors before preparation. A minimum of three placentas were pooled per time point and genotype. RNA was size fractionated, blotted, and hybridized as described (Hennemann et al., 1992) . [
32 P]-labeled fragments spanning the coding regions of the Cx26-, Cx31-, and Cx43-encoding genes were used as probes. Loads were normalized by reprobing the blots using a [ 32 P]-endlabeled (dT) 17 -oligonucleotide (Ausubel et al., 1989) or a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe, followed by densitometric quantification using the VDS-Imagemaster software (Pharmacia, Freiburg i. Br., Germany).
of tissue sections through embryo heads in the area of the eyes (E) at ED 13.5 (j) and ED 17.5 (k) and adult skin with hair follicle (l) indicated an epidermal lacZ expression that started around ED 13.5 in embryonic skin (ES) and increased during further development to adult skin where additional expression was observed in hair follicles (HF) and sebaceous glands (SG) . No specific staining was detected in the cochlea neurosensory epithelium, the stria vascularis (SV), the spiral ligament, and the spiral limbus (SLI) (m). The epithelial lining of the middle mucosa adjacent to the cochlea served as positive control (arrow in n). In the uterus (o) a faint staining was observed in the ciliary epithelium 
Western Blot Analysis
Preparation and Western blot analysis of total skin protein, using polyclonal rabbit antibodies specific for Cx31, were carried out as described previously by Butterweck et al. (1994) .
LacZ Staining
Embryos of up to ED 11.5 were stained as whole mounts, while adult tissues and embryos beyond ED 12.5 were first sectioned (10 -20 m) on a cryostat and transferred onto superfrost plus slides (Menzel, Brunswick, Germany). Fixing and staining was essentially carried out as described by Hogan et al. (1994) . In brief, the material was fixed with 0.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) containing 2 mM MgCl 2 and 5 mM EGTA (ethyleneglycol-bis-(2-aminoethyl)-tetraacetate), rinsed three times in 0.1 M phosphate buffer (pH 7.3) containing 2 mM MgCl 2 , 0.01% sodium doxycholate, and 0.02% Nonidet P-40 (N 6507 Sigma, Deisenhofen, Germany) and stained in the same solution supplemented with 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide at 37°C for 12-24 h. Sections were then mounted in Aquatex (Merck, Darmstadt, Germany), while whole-mount preparations were stored in 70% ethanol.
Histological Analyses
For morphological analyses, placentas from embryos between ED 6.5 and ED 18.5, adult skin, testis, and inner ear were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for a minimum of 48 h at 4°C, dehydrated, and embedded in paraffin. Sections (3 m) were dried overnight, deparaffinized with xylene, hydrated through a graded series of ethanol, stained with azan or hematoxylin/eosin, dehydrated, cleared in xylene, and mounted in Entellan (Merck).
Immunohistochemistry
For cryostat sections, placentas were immediately frozen in liquid nitrogen and kept at Ϫ80°C. For staining of Cx26 (Traub et al., 1989) , Cx31 (Butterweck et al., 1994) , and Cx43 cryostat sections were processed routinely. Briefly, sections were fixed for 10 min in 96% ethanol and, after rinsing with PBS, covered with 1% bovine serum albumin solution (BSA; Sigma) to block nonspecific binding sites. Incubation with the primary antibody for 1 h was followed by the appropriate secondary FITCconjugated antibody for 45 min. Sections were covered with Vectashield (Vector Laboratories, Peterborough, UK) and analyzed using an Axiophot fluorescence microscope (Zeiss, Oberkochen, Germany). Immunostaining of inner ear was carried out as described previously (Lautermann et al., 1998) using antibodies directed to Cx26 (Traub et al., 1989) , Cx30 (Kunzelmann et al., 1999) , and Cx31 (Butterweck et al., 1994) .
For double immunostaining, the polyclonal rabbit antibody against Cx31 (see above) was used first, followed by the appropriate Cy3-conjugated secondary antibody (Dianova, Hamburg, Germany). Then the sections were incubated with a polyclonal antibody against Cx43 raised in the goat (Santa Cruz Biotechnology, Santa Cruz, CA) followed by an FITC-conjugated anti-goat antibody (Dako, Hamburg, Germany). Sections were examined using a confocal laser-scanning microscope (LSM 510; Zeiss) in a dualchannel scanning mode.
Proliferation
A minimum of three placentas per time point and genotype were analyzed. Samples were fixed, embedded, sectioned (7 m), deparaffinized, and rehydrated as described for histological analyses. After incubation of endogenous peroxidases by 5-min incubation with 3% (v/v) H 2 O 2 in PBS, sections were treated with PCNAspecific monoclonal antibodies (Dako) in PBS for 30 min at room temperature and rinsed three times with PBS. Subsequently, sections were incubated with biotin-linked secondary antibodies (1:50 in PBS; 30 min; 20°C; Dako), washed three times in PBS, and incubated with streptavidin-coupled peroxidase (1:50 in PBS; 30 min; 20°C, Dako). After three washes in PBS, peroxidase was detected by 5-min incubation with 3Ј-diaminobenzidinetetrahydrochloride (DAB; Dako). Sections were rinsed in distilled water, dehydrated through a graded series of ethanol, cleared in xylene, and mounted in Entellan (Merck).
Audiometry
Auditory response threshold was measured by means of electrical response audiometry (ERA) using tone pips with center frequencies of 2, 4, 8, 16, and 32 kHz. A standard clinical system (Multiliner; Jaeger & Toennies, Hoechberg, Germany) was used for registration and averaging of 800 single sweeps for each frequency and sound pressure level (SPL). Low-frequency tone pips (2-4 kHz) were applied using standard headphones (DT48; Beyerdynamic, Heilbronn, Germany) of the recording system, while high-frequency tone pips (8 -32 kHz) were presented using a piezoelectrical speaker (PH8; Visatone, Haan, Dü esseldorf, Germany) driven by an external function generator (PM59193; Philips, Amsterdam, The Netherlands) in conjunction with a dB-attenuator (Hewlett-Packard, Palo Alto, CA). Mice were anesthetized by intraperitoneal injection of thiopental (60 g/g body weight in PBS) and placed 40 mm in front of the speaker in a soundproof box. Three silver needle electrodes were placed subcutaneously in a symmetrical array just rostral to the pinna so that electrode impedance was below 5 kOhms. The electrode placed ipsilateral to the speaker was used as active electrode, while the middle electrode was used as a reference and the contralateral as a ground. Brain-stem responses were recorded for each frequency starting at 100 dB SPL and subsequently decreased in 10-dB increments until no auditory response could be detected in the averaged sweeps. SPLs were corrected for distance between speaker and ear by calibration with a sound level meter (Type 2235; Brü el & Kjaer, Harrow, Great Britain). Initially two age groups of 6 and 12 months of Gjb3 ϩ/ϩ and Gjb3 Ϫ/Ϫ mice were measured, but data were later pooled according to genotypes because no differences were detected between the different age groups. Auditory thresholds were plotted as average Ϯ SEM against frequency in logarithmic scale.
Statistical Analysis
Data are presented as means Ϯ SD. A one-way ANOVA and post hoc Tukey B tests were used for comparison of placental weights at different time points. Probability values of P Ͻ 0.05 were considered significant.
RESULTS
Generation of Mice
Cx31-deficient mice were generated using a targeting construct in which the whole Cx31-coding region immedi-ately downstream of the start codon was replaced by a promotorless lacZ reporter gene without nuclear localization signal and a neomycin resistance gene (neo r ) under control of the MCI promotor (Fig. 1a) . After transfection and G418 selection, nine out of 192 resistant embryonic stem cell clones showed homologous recombination at the Gjb3 locus, giving a frequency of 4.7%. After injection into blastocysts, one clone gave rise to chimeras that transmitted the mutated allele through the germ line. Interbreeding of heterozygous Cx31-deficient mice (Gjb3 ϩ/Ϫ ) resulted in viable homozygous Cx31-deficient mice (Gjb3 Ϫ/Ϫ ) as proven by Southern, PCR, Northern, and Western blot analyses (Figs. 1b-1e ).
LacZ Reporter Gene Expression in Heterozygous Cx31-Deficient Mice
Stainings for cytoplasmic lacZ reporter gene activity in Gjb3 ϩ/Ϫ mice confirmed the expression pattern previously observed using other methods (Hennemann et al., 1992; Butterweck et al., 1994; Dahl et al., 1996 Dahl et al., , 1997 Davies et al., 1996) . Thus, staining was first seen during embryogenesis in the compacted morula and the blastocyst . By ED 7.5 lacZ expression became restricted to the ectoplacental cone (Fig. 2d ) and was first observed in the embryo proper in rhombomeres r3 and r5 just before turning (ED 8.25 ) and in branchial arches and tail tip (Figs. 2e and 2f). Rhombomere staining remained high until ED 9.5 and gradually decreased thereafter (Figs. 2f-2i ). In addition, a previously not described, distal-to-proximal gradient of expression in the outgrowing limb buds was observed from ED 10.5 onward (Figs. 2h and 2i) . At ED 11.5, a metameric pattern lateral-to-dorsal midline appeared, indicating Cx31 expression in the dorsal root ganglia (ED 11.5; Fig. 2i ).
Expression of lacZ did not differ between Gjb3
ϩ/Ϫ and 
Gjb3
Ϫ/Ϫ embryos between ED 8.0 and ED 11.5. In skin lacZ expression was first detected at ED 13.5, increased progressively until ED 17.5, and persisted in suprabasal layers, hair follicles, and sebaceous glands of adult epidermis (Figs.  2j-2l ). While Cx31 protein was previously detected only in the granular layers (Butterweck et al., 1994) , ␤-galactosidase was also found in the cornified layers of epidermis, possibly reflecting the greater stability of the bacterial enzyme. LacZ expression in testis was weak and could not be attributed unequivocally to a specific cell type. In the uterus, a faint staining was observed throughout the menstrual cycle in the ciliary epithelium of the endometrium (Fig. 2o) . No expression of lacZ was observed in the adult inner ear of Gjb3 ϩ/Ϫ and Gjb3 Ϫ/Ϫ mice, but some staining was found in the epithelium of the semicircular ducts (Figs. 2m and 2n ).
Decreased Embryonic Survival and Placental Dysmorphogenesis
Despite the birth of viable Gjb3 Ϫ/Ϫ mice, statistical analysis of litters after crossings of Gjb3 ϩ/Ϫ mice revealed that only about 40% of the Gjb3 Ϫ/Ϫ animals, expected for Mendelian inheritance, survived to the age of weaning (Table 1: 10.1% vs 25%). The remaining homozygous animals were lost after ED 11.5. Similar crossing of Gjb3 Ϫ/Ϫ mice resulted in strongly reduced litter sizes, a phenomenon that was solely dependent on the embryos' genotype, because matings of Gjb3 Ϫ/Ϫ mice of either sex with Gjb3 ϩ/ϩ mice of the opposite sex resulted in normal litters sizes (Table 2) . Monitoring the number of implantation chambers and living embryos (i.e., embryos with beating hearts) revealed that 60% of these embryos were lost between ED 10.5 and ED 13.5 (Fig. 3a) . This was accompanied by a reduction in size and weight of the placenta of Gjb3 Ϫ/Ϫ embryos, which only reached the weight of control placentas at ED 18.5 (Fig.  3b) . Although embryos appeared more heterogeneous in size between ED 10.5 and ED 13.5, average weight of living Gjb3 Ϫ/Ϫ embryos did not differ significantly from that of controls (Fig. 3c) . Histological analysis of implantation chambers, starting at ED 6.5, showed that early placental development was unaffected (data not shown). However, between ED 8.5 and ED 9.5, Gjb3 Ϫ/Ϫ placentas were smaller than control placentas (Figs. 4a and 4b) . The labyrinthine part was barely developed and the chorionic plate consisted of only some loosely arranged stem cells. Maternal lacunas filled with blood between the spongiotrophoblast and labyrinth layers were less frequent. The allantoic mesenchyme, including the embryonic blood vessels, lacked the typical fingerlike protrusions into the labyrinth. While spongiotrophoblast cells were sparse, large numbers of trophoblastic giant cells were found at the border of the maternal decidual tissue (Figs. 4c-4e ). Chorio-allantoic fusion was not affected.
From ED 10.5 onward the placenta recovered. Labyrinth development progressed and a small spongy layer was formed, although maternal and embryonic areas were still separated by a large number of giant cells (Figs. 4f and 4g) .
From ED 14.5 onward, no obvious difference apart from reduced size and a slightly disorganized appearance of the labyrinth and spongiotrophoblast layers could be observed in Gjb3 Ϫ/Ϫ placentas (Figs. 4h and 4i ). This transient dysmorphogenesis was accompanied by a delayed proliferative activity in Gjb3 Ϫ/Ϫ placentas. While at ED 9.5 proliferation was high in the labyrinth and spongiotrophoblast of Gjb3 ϩ/ϩ placenta, almost no proliferation was observed in Gjb3 Ϫ/Ϫ placentas (Figs. 5a and 5b) . At ED 12.5, in contrast, proliferation in Gjb3 ϩ/ϩ placentas was sparse, while almost all cells and cell types proliferated in Gjb3 Ϫ/Ϫ placentas (Figs.  5c and 5d) . Northern blot analysis of Cx26-, Cx31-, and Cx43-mRNA expression in total placenta between ED 10.5 and ED 18.5 revealed that, while Cx31 transcript levels went up slightly with ongoing development, Cx43 transcripts increased fourfold, and Cx26-mRNA abundance decreased to background levels during the same period (Fig.  6 ). Immunofluorescence analysis revealed that Cx43 protein was not detected in the trophoblast before ED 10.5. Between ED 10.5 and ED 18.5 Cx31 and Cx43 protein was found in spongiotrophoblast cells (Figs. 7a, 7b , 7e, and 7f) and, in accordance with Northern blot data, levels of Cx43 protein increased markedly, while levels of Cx31 remained roughly unchanged. Furthermore, Cx43 protein was detected in giant cells at ED 18.5 (Figs. 7c and 7d ). Cx26 protein was found in the labyrinthine part as previously described (Figs. 7g and 7h) . Although Cx43-mRNA levels increased earlier in Gjb3 Ϫ/Ϫ placentas, no qualitative or quantitative difference could be observed in immunolocalization and immunoreactivity for Cx26 and Cx43, when compared to those of controls (data not shown).
The colocalization of Cx43 and Cx31 in spongiotrophoblast cells was further confirmed by double immunostaining for both connexin isoforms in sections of ED 12.5 placentas in combination with laser-scanning microscopy. This revealed that both connexins are not only expressed in the same cells but also seem to localize in the same gap junction plaque (Fig. 8) .
No obvious defects were observed in Gjb3 Ϫ/Ϫ embryos around the time of embryo loss. Thus, in contrast to krox-20 Ϫ/Ϫ mice (Schneider-Maunoury et al., 1993) , pattern formation of the hindbrain was unaffected in Gjb3 Ϫ/Ϫ embryos at ED 11.0, as judged by the relative position of ganglia deriving from rhombomeres r2 and r4 (data not shown).
Normal Epidermis, Testis, and Inner Ear of Adult Cx31-Deficient Mice
Surviving adult Gjb3
Ϫ/Ϫ mice did not differ in outward appearance, weight, or fertility from their wild type (Gjb3 ϩ/ϩ ) littermates. Histological comparison of skin (i.e., the tissue with the strongest expression of Cx31 in adult mice) did not reveal any obvious phenotypic alterations in Gjb3 Ϫ/Ϫ mice (Figs. 9a and 9b ). Neither site nor strength of expression of various marker proteins for epidermal differentiation, namely keratins 2e, -6, -10, -14, and ␣6-integrin (cf. Moll et al., 1982; Sonnenberg et al., 1991) , differed between Gjb3 Ϫ/Ϫ an Gjb3 ϩ/ϩ mice (data not shown). Despite the expression of Cx31 in testis (Hennemann et al., 1992) an endometrium of the uterus (Fig. 2o) , breeding performance and litter size of Gjb3 Ϫ/Ϫ males and females (Table 2) did not hint to any functional impairment of reproduction. Testis size and histology did not differ from that of controls (Figs.  9c and 9d) .
Mutations in the Cx31 gene (GJB3) were reported to be causal to premature high-frequency hearing impairment (Xia et al., 1998) and recessive nonsyndromic deafness (Liu et al., 2000) in humans. However, in adult Gjb3 Ϫ/Ϫ mice, auditory thresholds between 2 and 32 kHz measured by recording of evoked brain-stem potentials were not increased when compared to those of wild type mice of the same age (6 and 12 months) and genetic background (Fig.  10) . Moreover, histological analyses of adult Cx31-deficient inner ear did not yield any obvious phenotypic alterations (Figs. 9e and 9f ). In accordance with lacZ stainings (Figs. 2m  and 2n ), immunofluorescent analysis of consecutive sections of inner ear of adult Gjb3 ϩ/ϩ and Gjb3 Ϫ/Ϫ mice did not reveal any signals specific for Cx31, whereas Cx30 and Cx26 were readily detected in all cells of the spiral limbus, fibrocytes of the spiral ligament, and basal cells of the stria vascularis (data not shown). Cx26 and Cx30 expression did not differ between Gjb3 ϩ/ϩ and Gjb3 Ϫ/Ϫ mice (data not shown).
DISCUSSION
Here we show that Cx31 is essential for early placental development, but dispensable in the embryo proper and adult mice.
Using various rat trophoblast-derived cell lines, Grummer et al. (1996) and Winterhager et al. (1996) could positively correlate Cx31 expression with trophoblast proliferation but not with differentiation. By deleting the Cx31-coding region we showed in this study that Cx31 is necessary for normal spongiotrophoblast growth and differentiation in mice. Upon implantation the polar trophectoderm of the blastocyst, which is in contact with the inner cell mass, proliferates and differentiates into chorion and Ϫ/Ϫ placentas using probes homologous to the coding regions of the Cx26-, Cx31-, and Cx43-encoding genes (gjb2, Gjb3, and gja1, respectively). For each time point a minimum of three placentas were pooled. (b) Densitometric evaluation of the autoradiographs shown in (a). Signals were normalized for loading differences by rehybridization of the blots to an oligo(dT) probe and plotted with reference to the signal obtained from wild type placentas at ED 10.5. The genotype of the embryos from which the placentas were obtained is given in parentheses. ectoplacental cone. Further in gestation, trophoblast cells continue to proliferate and form the labyrinth and spongiotrophoblast that, in turn, give rise to terminally differentiated giant cells. The latter become polyploid and fulfill critical functions in remodeling of maternal decidua and hormonal regulation of maternal and embryonic development. In addition, giant cells invade the maternal sinosoides.
In early placenta development of Gjb3 Ϫ/Ϫ embryos, the ratio between chorionic plate stem cells, labyrinth cells, and spongiotrophoblast cells to giant cells was shifted to giant cells, suggesting that the balance between spongiotrophoblast and giant cell differentiation was disturbed. The equilibrium between proliferation and terminal differentiation of spongiotrophoblast cells is antagonistically regulated by two transcription factors of the basic helix-loophelix family, Mash-2 and Hand-1. Mash-2 is required for spongiotrophoblast growth, while Hand-1 suppresses Mash-2 function and allows giant cell differentiation (Scott et al., 2000) . Mash-2-deficient mice (mash-2 Ϫ/Ϫ ) show striking phenotypic similarities with Cx31-deficient mice. For example, placentas were normal up to ED 7.5 but did not give rise to a spongiotrophoblast and only to a rudimentary labyrinth by ED 9.5. At the border to the maternal decidua, a thick layer of secondary giant cells was observed (Guillemot et al., 1994) . In contrast to Gjb3 Ϫ/Ϫ embryos, mash-2 Ϫ/Ϫ placentas did not recover after ED 9.5 and all embryos died by ED 10.5. This was most likely the result of placental failure, because the time of embryo loss correlated with establishment of the chorio-allantoic circulation and could be overcome by aggregation of mash-2 Ϫ/Ϫ embryos with tetraploid wild type embryos, which contribute only to extraembryonic tissues (Guillemot et al., 1994) .
Histological analyses of placentas around ED 9 suggest that placental failure is also the likely cause of Gjb3 Ϫ/Ϫ embryo loss, once nutrition of the embryo relies on the chorion-allantoic placenta. The large number of giant cells found at the border between embryonic and maternal layers, the reduced labyrinth layer, and the less-frequent maternal lacunas should prevent most exchange of nutrients between mother and embryo. The transient nature of placental dysmorphogenesis could most easily be explained with compensation by other connexin isoforms expressed in the affected cell population. This could be Cx43 encoded by Gja1, which is strongly upregulated concomitantly with recovery of Cx31-deficient placentas. The exact time point of the upregulation of Cx43 or other, yet unidentified connexin isoforms should be critical for the rescue of Gjb3 Ϫ/Ϫ embryos. Slight variations, possibly resulting from factors in the (mixed) genetic background of the mice, might be responsible for partial survival of the litters. The normal size of surviving Gjb3 Ϫ/Ϫ embryos, despite the reduced placental weight, is in accordance with findings by Kurz et al. (1999) , that there is no strict correlation between placenta size and fetal growth rate.
Reduced female fertility resulting from failure in placental development was not reported for humans that carry either recessive (Liu et al., 2000) or dominant mutations (Xia et al., 1998; Richard et al., 1998a) in GJB3. This difference is most probably the result of expression of Cx40 instead of Cx31 in the corresponding physiological cell population of the extravillous trophoblast in the human placenta (Winterhager et al., 1999) .
The similarity between the phenotypic defects of Gjb3
and mash-2 Ϫ/Ϫ mice prompts speculations about involvement of Cx31 and Mash-2 in the same signaling pathway. At present, however, it is difficult to predict how both proteins could interact. For Mash-2, it was shown that it acts cell-autonomously in spongiotrophoblast differentiation. Thus, in aggregation chimera, Mash-2-deficient cells could not contribute to spongiotrophoblast (Tanaka et al., 1997) . tent with the function of this transcription factor; the overlapping expression pattern in preimplantation embryos, ectoplacental cone, and spongiotrophoblast (Guillemot et al., 1994; Nakayama et al., 1997; Rossant et al., 1998) ; and multiple potential binding sites for Mash-2/ E-factor dimers (Johnson et al., 1992) within the proximal promoter and the intron of the Cx31 gene (Plum et al., in preparation) .
According to an alternative hypothesis, Cx31 could act upstream of Mash-2 by mediating the intercellular exchange of low-molecular-weight messengers via gap junctional intercellular communication that could induce directly or indirectly the expression of mash-2.
By lacZ-staining of Gjb3 ϩ/Ϫ embryos, we confirmed the complex spatial and temporal pattern of expression in the embryo proper that overlapped with the expression of krox-20 as previously described by Dahl et al. (1997) . Krox-20, a zinc-finger transcription factor, is essential for hindbrain patterning, in that krox-20 Ϫ/Ϫ mice exhibit a marked size decrease or elimination of rhombomeres r3 and r5, respectively (Schneider-Maunoury et al., 1993) . In chick, microinjection of fluorescent dyes in the developing hindbrain demonstrated not only that rhombomeres formed developmental compartments but also that gap junctional 
FIG. 10. Auditory thresholds of Gjb3
ϩ/ϩ and Gjb3 Ϫ/Ϫ mice. Brain stem potentials evoked by tones of various frequencies between 2 and 32 kHz and sound pressure levels (SPL) up to 100 db were recorded to determine the auditory thresholds of mutant and wild type mice. All values are presented as means Ϯ SD. No significant differences were observed between mice of both genotypes. intercellular communication was particular strong within rhombomeres but reduced at borders between rhombomeres (Martinez et al., 1992) . This could be achieved by expression of different connexin isoforms that form incompatible hemichannels in neighboring rhombomeres. Because of its incompatibility with all other connexins tested and its pattern of expression, Cx31 could mediate a similar pattern of coupling in the mouse hindbrain and thus contribute to Krox-20-mediated pattern formation. Nevertheless, we did not observe any differences in hindbrain patterning of Gjb3 Ϫ/Ϫ embryos compared to that of wild type controls. In contrast to krox-20 Ϫ/Ϫ mice, neither lacZ staining of embryos between early ED 8 and ED 11.5 differed in Gjb3 Ϫ/Ϫ animals and heterozygously mutated controls, nor was the relative position of the facial/acoustic ganglia complex and the trigeminal ganglion altered in Gjb3 Ϫ/Ϫ embryos at ED 11, suggesting a normal hindbrain architecture. We conclude that Cx31 is dispensable for rhombomere formation in mice.
Despite mutations in human GJB3 that were reported to be causal to the inherited skin disorder erythrokeratodermia variabilis (Richard et al., 1998a) and hearing impairments (Xia et al., 1998; Liu et al., 2000) , respectively, no morphological defects were found in skin or inner ear of Gjb3 Ϫ/Ϫ mice and audiometry of Gjb3 Ϫ/Ϫ mice did not reveal any functional hearing impairment. This discrepancy could be explained either by differences in the expression of connexin isoforms, differences in the physiology of the affected organs, or by the type of mutation. Thus, singlebase mutations found in patients with erythrokeratodermia variabilis could lead to dominant negative acting Cx31 mutants that are able to inhibit not only wild type Cx31 protein but also other connexin isoforms expressed in the same cell type and, consequently, have a more severe impact on gap junctional intercellular communication than the mere absence of Cx31 in Gjb3 Ϫ/Ϫ mice. The same argument might hold true for dominant mutations in the human Cx31 gene, causing high-frequency hearing impairment. Interestingly, trans-dominant acting mutations in human Cx26 and Cx30 genes, leading to deafness in combination with another genodermatose, keratoderma palmoplantar, and nonsyndromic deafness, respectively, were previously described (Richard et al., 1998b; Grifa et al., 1999) . However, a recent report that associated recessive mutations in human GJB3 with nonsyndromic deafness (Liu et al., 2000) pointed to a more direct involvement of Cx31 in human hearing that cannot be mimicked in Cx31-deficient mice. Thus, differences in expression or function of connexin isoforms in the inner ear of humans and mice may exist. Using lacZ staining and immunofluorescence, we could not detect Cx31 expression in the adult inner ear of mice and rat (Lautermann et al., 1998) . Furthermore, Northern blot analysis did detect transcripts of the Cx26 and Cx30 but not of the Cx31 gene in total RNA of rat inner ear (Winterhager and Lautermann, unpublished results) .
Nevertheless, Xia and Coworkers (1998) detected Cx31 transcript in the inner ear of rats, using reverse transcription PCR, and recently Cx31 protein was described by Xia et al. (2000) to be expressed in a basal-to-apical gradient in the spiral ligament of the cochlea using immunohistochemistry. While the detection of Cx31 transcript by RT-PCR in these studies could most easily be explained by the expression of Cx31 in tissues adjacent to the cochlea, the contradictory results regarding Cx31 protein expression are most likely based on methodological differences. Xia and coworkers used commercially available antibodies directed to Cx31, whereas we used Cx31 antibodies previously characterized in our group (Butterweck et al., 1994) . Thus, the immunoreactivity seen by Xia et al. (2000) could be due to cross-reactivity of their antibodies with a not yet identified connexin isoform. This could most easily be checked by repeating the experiment using various tissues that are known to express Cx31 as positive controls and Cx31-deficient cochleae from Gjb3 Ϫ/Ϫ mice as negative controls. In conclusion, Cx31 is essential for cell differentiation during early stages of placental development. Later in development its loss can be functionally compensated, leading to normal placentas at term. Cx43, which is upregulated in Cx31-expressing spongiotrophoblast cells with ongoing development, could compensate for the loss of Cx31, leading to a resumption of placenta differentiation and growth. This hypothesis could be tested most directly by the analysis of mice that are deficient for both isoforms, Cx31 and Cx43. Comparison of Gjb3 Ϫ/Ϫ and mash-2 Ϫ/Ϫ embryos could help to understand whether both proteins act in the same signal transduction pathway that controls the decision between spongiotrophoblast proliferation and giant cell differentiation. Provided a role of gap junctional intercellular communication in morphogenesis and physiology of adult organs, the lack of obvious defects in Cx31-deficient embryos as well as in adult skin and ear suggests a high degree of functional redundancy among members of the connexin gene family. Thus, to reveal the role(s) of direct intercellular communication, coupling might have to be reduced further. This could be achieved by combining multiple connexin null alleles in one mouse line or, more elegantly, by trans-dominant-negative connexin mutants inducibly expressed as a transgene in the tissue of interest.
